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_1_ 

The purpos« of the«« investigations was to evaluate the possible role of chon- 

droitin sulfate (or some related mucopolysaccharide) in the mechanism of calcifica- 

tion.    There are many studies that indicate the possible role of chondroitin sulfate 

as an integral part of the minimum mechanism required for mineralization.    Sulfate - 

containing mucopolysacchtrides appear whenever calcification takes placej namely, in 

the dentin and the enamel (1), in the bone (2), and in abnormal calcification of the 

arteries (3).    Rubin and Howard (U) indicated the presence  of metachromatic staining 

in all types of pathological calcification studied, i.e., calcinosis universalis, 

calcified bursitis, and renal stones of the calcium, phosphate, carbonate type. 

Significantly, they found no indication of mucopolysaccharides in calcium oxalate 

and ammonium urate stones.    Aller, Waldman and McLean (5), based on the inhibition 

of calcification in vitro of rachitic cartilage by dyes such as toluidine blue and 

other basic and acid dyes state, "Our experiments suggest that chondroitin sulfate 

may be essential for the calcification of hypertrophic rachitic cartilage.«' 

Slnbinuer «ad Schubert (6) have shown that collagen, under certain conditions, will 

react with chondroitin sulfate so vigorously that sulfate will replace absorbed dyes 

fro» the collagen.    Hyaluronic acid and other mucopolysaccharides will not do this. 

Since collagen is the key protein of bone and dentin theae experiments again suggest 

that this ability of chondroitin sulfate may be one of the properties of the protein 

which in combination is responsible Tor initiating calcification. 

Sobel and his colleagues (7-°); b»»»d on their studies of the reversible inaet- 

ivation of in vitro calcification, suggested that "combination with calcium of some 

constituent of the ossifying matrix is an essential prelimluai•• step in the mineral- 

ization process.*1    Tney further presented evidence in the literature to indicate that 

chondroitin sulfate ray be the target of the inactivating (Be**, Mn**, Cu**, Kg**, 

Ba**, Na*, and Sr**) and the activating (Ca**) ions.    They suggested that perhaps the 

activating role of calcium ions consists of the polymerization of some mucopolysac- 

charide, probably chondroitin sulfate. 



According to Partridge (10) calcium is particularly effective in causing a short- 

ening In length of collagen fibers, with a subsequent release of chondroitin sulfate. 

Calcium ion increases the viscosity of at least some mucopolysaccharides, thus indi- 

cating polymerization (10).    This polymerization, at least for hyaluronate by means 

of calcium ion, was related to the rate of prothronbin conversion to thrombin (11). 

Further investigations were undertaken to clarify the role of the metachromatic 

staining substance  (almost certainly chondroitin sulfate) (12) in the calcifying 

mechanism present in the praosseous cartilage.    Inactivation with protamine and tol- 

uidine blue (compounds which combine avidly with mucopolysaccharides) is a function 

of &he inactivator to calcium ratio, as shown in Table 1.    Table 2 shows that when 

toluidine blue is present in the calcifying medium the degree of inactivatiou is a 

function of the dye concentration.    From these studies one might postulate that 

chondroitin sulfate is an integral part of the "local factor" responsible for cal- 

cification. 

Next we investigated in parallel experiments the degree of metachromasia and the 

calc if lability of racMtic bone sections.    In these studies sections, after appro- 

priate treatment, were stained with dye and observed under 32 to 96 magnifications. 

In this way on» avoids chemical changes due to the usual hlstological procedures. 

^* "^ce **ilÄ* um ci^^r^de enhances the decree cf calcify ab ili**"1*' s1**^ serves tlsB 

unique role of reactivating the calcifying mechanism (7,9), metachromasia following 

this treatment was compared to controls.    Here again, a parallel was observed between 

the degree of calcifiability and metachromasia.    This was true for heated sections 

as well (See Table 3).    This parallelism between metachromasia and calcifiability is 

again observed following treatment with xylene.    Before calcium chloride shaking the 

metachromasia is low and calcifiability is absent under the conditions of our experi- 

ment.    However, after calcium chloride treatment, there is intensification of meta- 
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chroiTiisift äS well as  a lüsuifsststicn cf cslcifisbility. 

No parallel behavior was observed between caiciflability and matachromasia aftar 

treatment with formaldehyde, methyl alcohol, and 9$% phenol (95 g. phenol plus $ g. 

water).    Hera matachromasia was exceptionally intense, but calcifiability was not 

avidant.    From these studies it was tentatively postulated that since methyl alcohol, 

phenol and formaldehyde are prctein denaturanta, the cony lex of the chondroitin Sul- 

fate - protein bond may be altered and the intact combination is necessary for the 

calcifying mechanism. 

The next experiments were based on the observations that the maximum degree of 

metachromasla took place at the calcium ion concentration of about 15 meq/L in 

studying the influence on in vitro calcification of toluidine blue to calcium ratios, 

presented in Table 1.    Moreover, they were based on the postulate made previously by 

Sobel and Hanok (9) that the activating role of calcium ion consists of the polymer- 

ization or some other change in the configuration of chondroitin sulfate attached to 

a protein molecule.    This concept is presented schematically in Figure i, based on 

the results obtained in the experiments on reversibls inactivation.    In Figure 1, 

the symbols for "inactive" and "active" rafer to the  "local factor" responsible for 

the mechanism of calcification.    The changes in shape are not meant to imply the 

actual shape of the molecule(s), but simply to indicate changes par sa.    For this 

•*-»•**»•".••*      *+niAAmm     T.T.W.      »in^*w+.U*«      + /-*      rl.f .Knn   n.     + \\m     rl*s*-***m.      *sC     ~ .4 m lU-h. ** — *. « -1 «.     Tfj^U     A«VW^  wti 

amounts of toluidin* blue in the presence of varying amounts of calcium ions.    Typ- 

ical results are given in Figure 2.    The results shown in the figure were repeated, 

with minor variations, five times.    Calcium ion up to 15 meq/L enhances the degree  of 

matachromasia.    Above this concentration of calcium ion, the degree of motachromasia 

slowly diminishes.    This behavior of chondroitin sulfate in the rachitic bone section 

is in marked contrast to that observed when matachromasia was produced with chondroitin 

sulfate prepared from bone cartilage or nasal septum cartilage.    Here, calcium ion in 



cuncaniraiions   as   JA«»   üS   0.2  mwCi/L prävönieü or uwalruywd m»Lächromäei*.     For   liixs 

reason it was proposed that chondroitin sulfate in the rachitic bone is in combina- 

tion with ion» other molecule, probably collagen, and that if chondroitin sulfate ia 

a mediator of calcification it ia duo to this  complex.    Such a complex can be  visual- 

ized as analogous to an enzyme, with a prosthetic group attached to a protein.    The 

two together are necessary for enzyme action.    By analogous reasoning, one can vis- 

ualize chondroitin sulfate attached to a protein, and when the complex is in a cert- 

ain state of configuration it becomes a catalyst or activator of crystallization. 

From the results obtained the process visualized is that of calcim plus toluid- 

ine blue competing for the chondroitin sulfate complex.    Calcium ion up to a certain 

concentration causes a rearranged chondroitin sulfate complex, so that it becomes 

more active metachroraatically, probably a state of polymerisation.    After reaching 

this new configuration, with further increaaed concentrations  of calcium ions, com- 

petitive behavior becomes evident by decreased metachromasia, since the calcium 

binding is no longer compensated by further intensification of metachroaaticaUy 

active charges in the molecule. 

That this is a combination of chondroitin sulfate and collagen is indicated in 

preliminary studies.    Collagen prepared from Achilles tendon was condensed with 

chondroitin sulfate according to the Eiribinder-Schubert method (6).    The resultant 

product was treated with toluidine blue in the presence of calcium ions, as in the 

case of rachitic bone sections.    The results are shown also in Figure 2, and denote 

•n incrvased d«gr** of mviachromasia up to 15 meq/L, after which a gradual decline 

took place.    The control collagen showed only the faintest trace of blue under tne 

conditions of our experiment (one hour) without metachromasia.    The chondroitin sul- 

fate treated with calcium ions exhibited no metachromasia, but did exhibit meta- 

chromasia in the absence of calcium.    This complex shaken with 0.251 molar calcium 

chloride followed by 0.32 molar phosphate, gave a silver stain similar to that found 
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in in vitro cälcificÄtiöii.    Coii«g«n alon» did not exhibit this phenomenon.    These 

studies seem to imply th«t the metachromatically active substance is probably chon- 

droitin sulfate attached to collagen fiber in a critical configuration.    This con- 

figuration may represent a critical portion of the "local factor" in the mechanism 

of calcification. 

The next experiments were undertaken to determine the changes in metaenromasia 

with respect to calcium ion concentration in bone sections where, after treatment* 

calciflability was destroyed but metachromatic activity was still present (Table 3). 

If there is a change in the combination between chondroitin sulfate and the collagen* 

a clue to the nature of such changes may be obtained.    For example* if chondroitin 

sulfate is completely freejcalcium ions should interfere with metachromasia.    Bones 

were examined after treatmunt (a) for six hours in basal sslt solution* (b) for one 

hour with 36% formaldehyde* and (c) for one hour with 9$% phenol.    Maximum meta- 

chromasia was obtained in the absence of calcium ion in the basal salt and formalde- 

hyde treated sections* and with only one meq/L in the phenol treated sections.    This 

maximum began to decline at 20 meq/L calcium ion* and metachromasia completely dis- 

appeared in the case of phenol and basal salt solutions at £0 meq/L calcium ion. 

For formaldehyde ths metachromasia disappeared between $0 and 100 meq/L calcium ion. 

These studies may indicate that a characteristic of bone cartilage with intact cal- 

cifying mechanism is its ability to respond with an increasing degree of metachrom- 

asia under ths influence of calcium ion.    When the calcifying mechanism is destroyed 

with survival of the metachromatically active substance a new configuration developed; 

Here   calcium ion no longer enhanced the degree of metachromasia* and interfered with 

metachromasia at lower concentrations of calcium ion.    One possible explanation is 

that sons of the eh<v.droiiin sulfate is freed of the protein bond. 

In future studies, chondroitin sulfate prepared from various sources will be con- 

densed with collagen prepared from various tissues by several methods.    These 
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in vitro calcification to determine which of these may be responsible for tha forma- 

tion of bone-like minerals.    If these experiments ara successful an attampt will ba 

mad« to condense karatin (tha key protain of anamal) with chondroitin sulfate to 

deteriu'ne whathar thasa complexes may initiata production of mineral similar in 

structure to that found in inamal.    With all th« above compounds tha influanct of 

calcium ion on the degree of metachromasia will be investigated, and if possible, 

used as a guide to mineralization. 



-7- 

Tha solutions employed were a stock solution of toluidine blue  "O"      (T.B.O) 

containing 10 rag.A00 ml.  (l.£8 x 10"* M), which was diluted as required ( usually 

a IJU dilution was used)} a stock solution of CaCl^  (prepared from th« carbonate) 

containing 500 meq/L of Ca**, which waa dilutsd as raquirad; a 3% AgN03 solution for 

usa in tha nlin« tast" to determine tha degre* of calcification and solutions of 

chondroitin aulfate praparad frcm rachitic bona cartilaga or from baaf nasal saptum 

cartilaga2.    All solutions wars praparad with ion axchanga watar which was redia- 

tillad in an all glass (Pyrex) distillation apparatus. 

Tha organic raaganta usad were:    95% phanol (95 g. recryatallized phanol in 

5 g. of distillsd watar), 3d% formalin, absoluta raethanol, and 9$% athanol. 

Tha bonas usad wars tha excised tibiaa of rachitic Vistar strain albino rats. 

Tha animals wara maintainad on a rachitogenic diat for thraa to four waaks, whan 

rickats waa severe, and wara sacrificed by chloroforming.    Tha diat consisted of 

76% degarminated yallow corn meal, 20£ whaat gluten, 3% CaC03, and 1% NaCl.    Ion 

axchanga watar waa supplied ad libitum.    Tha axciaad tibiaa wara fraad from adharing 

soft tissus and tha uppar ands wara slicad longitudinally inti. »«otiona lass than 

1 mm. in thicknasa. 

To insura homoganaous axpoaura to tha calcifying and toluidiae blua  M0" solu- 

tions, tha slicad sactions wara suapandad from glass hooks (mada from malting point 

tubas) inaartad in paraffinad cork stoppars (13).    Shaking of sactions was always 

dona in a machanical shakar. 

Th» colligöu    usSvu was prspiTiu from t»h* Achillas tanuon of »twr by rvmoving 

tha skin from tha top and cutting tha tandon into small piacas.    Tha piacas wara 

waahad overnight with cold running tap watar, covered with half saturatad calcium 

hydrcxida solution and ctirrad mechanically for ona hour at room tamparatura.    At 
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this   iijro»   the  stirr«r WRB   rsmoTOri and  ine   solution was  d«canl*d.     Frwöh  cälcilim 

hydroxide solution was added and tha stirring waa resumed for anothar hour.    Thi» 

procass was rapaatad fiva timea.    Tha calcium hydroxide extracted protein vaa rinaad 

with running tap water for four hours, followed by several rinsas with dUtilled 

water-    "he final residua was air driad and consistad mainly of collagan with snail 

amounts of alastin. 

Tha collagan - chondroitia sulfata complex was prepared according to tha method 

of Binbindar and Schubart (6).    The control collagan was devoid of chondroitin 

sulfata. 

The method of evaluating the degree of calcification In vitro was essentially 

that described by Sobel (lU) and Sobel and Hanok (9). 

The dagree of metachromatic staining (metachromasia) in the provisional zone of 

the epiphyseal cartilage waa evaluated with a Leitz wide field stereo binocular 

microscope.    A magnification of 32Z was usually used«    The degree of metachromasia 

was graded as followst 

0 * no purple  (metachromatic) stain. 

- - broken thin purple line extending latitudinally along the epiphyseal cart- 

ilage plate. 

+ - continuous thin purple line extending along the epiphyseal plate. 

•• - continuous purple line extending longitudinal"1» half way up the epiphyseal 

plate. 

•++ - continuous purple line extending longitudinally three quarters of the way 

up the epiphyseal plate* 

<••+++ » complete purple stained epiphyseal cartilage. 

Prior to any treatmenti sections from each animal were placed in glass, color 

reaction, depression plates and covered with 3% silver nitrate solution.    They were 
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tbes exposed to light from a tungsten filament lamp for 5 minütas to datarisin* th« 

presence of rickets.    If a silver stain was obtained (indicating healing of rickets) 

the animal was discarded.    Similar glass depression plates were used to examine the 

degree of metachromaaia.    This was done by placing the section on the plat«, covering 

it with distilled water, and examining by reflected light.    Quite often we observed 

sections with such intense netachromasia that it appeared bronze-like rathar than 

purple.   However, if such a section was sliced with a razor blade or with a microtome 

and examined by transmitted light, a deep purple-red stain was observed. 

Alter staining with the dye, some sections were soaked in 9$% alcohol prior to 

microscopic observation. This served to remove flase netachromasia as recommended 

by Montagna, et al.(l£). 

usually after one hour of soaking in the toluidine blue "0" solution, the meta- 

chromatie staining appeared as a pericellular aggregation about the cartilage calls. 

This pericellular aggregation was not so evident in the sections that wars treated 

with fcraaldLn, phsncl and «sthanol.    Thsss cfcssrvation» confirm tho»* made by Folii» 

(16). 
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SEMiARY 

1. Studien were undertaken to evaluate the possible role of chondroitin sulfate or 

some related mucooolysacchar Ida in the mechanism of calcification. 

2. The results obtained indicate that a complex of chondroitin sulfate in a highly 

specialized configuration may be an integral component of the minim?» aechanisa 

required for calcification. 

3. That chondroitin sulfate may be involved in the calcifying aecbanian of rachitic 

bone is suggested from studies with toluidine blue and protamine, which inactivate 

this mechanism.    This inactivation is a function of the inectivatar to calcium ratio. 

U>    In attempting to relate the "local factor" to the state of polymerisation of 

chondroitin sulfate, the influence of    calcium ions on metachrcmatic staining was 

Investigated.   With a constant amount of toluidine blue the degree of netaehromaaia 

increases wiv.h calcium ion concentration in solution, up to a maximum of about l£ 

_»„ /•» |yAW»    4.UJI m    -—— —*.—X-! m,     .»*    ••'I.i     J     XI j» _    -      i 1     J-------     (_ Sv«|# JUF.      #uvvv    viu*   vvuu9u«x«w.vu   ux    umL^xuw   xwua    WJVI'V    j.9   m.   gr^uuiij.   utcriCIV   ill 

metachromasia.    Prior shaking with calcium chloride increases intensity of netachroa- 

atie staining in the ossifying matrix.    In contrast to this, when chondroitin sul- 

fate is extracted from bone, calcium ion competitively interferes with metachroraatic 

staining.    Hovewr, the metachromasia obtained with chondroitin sulfate combined 

with collagen responds to calcium ion in the same way as rachitic bone cartilage. 

*»*    This r,ronert',r of calcitss ions incressir"* the dsTss of ssstachrcsssiSL sssss to 

be typical of calcifying cartilage in the studies carried out to data.    The appear- 

ance of metachromatie staining in bone cartilage did not correlate in all cues with 

calciflability.    However, tohen calciflability was destroyed by various agents, meta- 

chromasia was not enhanced by calcium ions. 
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1    Obtained from Hartrafcnn - Leddon Co., C.I. No. 925, Philadelphia, Fennaylvania. 

*    Kindly supplied by S. Roaejnan, Uhiveraity of Chicago, Chicago, Illinoia, and 

E. Jorpas, Karolinaka Inaiitute, Stockholm, Sweden. 

3   Prepared by S. Natelaon, Hockford Mtmorial Hoapital, Rockford, Illinois. 
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TABLE    1 

INFLUENCE OF T0LUIBIN3 BLUB "0" OR PROTAMINE : Ca RATIOS 

ON SUBSEQUENT CALCIFICATION IN 7ITR0 

TN ACTIVATION 

Toluidine Blue  "0" Solution CaClg Solution Degree of Calcification 

/m/L m»q/L Man 

39 0.0 
39 1.0 traca 
39 5.0 traca 
39 10.0 
39 30.0 
39 50.0 K-0 
39 70.0 i(*+) 
39 100.0 K*+*) 
39 150.0 K+*+) 
39 300.0 2<~) 

39 100.0 <>.$(••) 
1 139.0 1.3(•+••) 
0.6 Ibh.G 1.7(*+**) 
0 0.0 0 
0 150.0 2(••••) 

Protamine Solution CaSlfc Solution Dagraa of Calcification 

per cant wq/L •can 

o.U 5.0    - 0 
0.U 150.0 !(••••)* 

1  

Surface covered, calcification vas below the »urfac», becam» evident on 
cleaning of the section». 

Degree of calcification of untreated control«  (mean) • 2(••+•). 

Following preliminary »haking in toluidine blue W0W - CaCla eolutione for 
one hour, and protamine - CaCL^ eolutione for tiro hour», »action» were 
placed in calcifying »olution for 18 hour» at 37*, pH 7.3* 0.07. 
Ca - 10 mg.Jf, P - 5 ng.*. 
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TABLE    2 

CALCIFICATION IN VITRO IN THE PRESENCE OF TOLÜIDINE BLUE "0" 

T.B.O* Dagraa of Calcification Dogra« of Jfctachroaaaia 

uM/L 

15.8 

ma an 

0 

•tan 

doubtful 

5.3 1.0(.*+++) doubtful 

1.2(*+<M-) 0 

1.7 1.0(++4-+) 0 

0 2.3 (•••«•) — 

*T.B.0 = Toluidina blua "0". 

T.B.O was placad in tha calcifying aolution, Ca - 10 mg.%, 
P = 5 mg.%, at 37* C for 18 houra, pH 7.3*0.07. 
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TABLE    3 

NETACHROMASIA AND CALCIFICATION BY VARIOUS TREATMENTS 

TREATMENT 

Bef< >re Shaking 
Lth CaCla 

After 1 Hr. Shaking 
With 150 aeq/L CaCL* 

Meta» 
chroma«ia Calcification Meta- 

chromaaia Calcification 

Shaken 2 hr. In basal salt sol'n 
at 37* C. 

••• 1(***+) 

Shaken 6 hr. in basal salt sol'n 
at 37' C. 

•• 0 

Shaken 2 hr. in basal salt sol'n 
containing 5 meq/L Ca**, 37* C. 

•••• 2(<M»M.) 

Shaken 6 hr. in basal salt sol'n 
containing 5 meq/L Ca4"*, 37* C. 

•••• 2(*+++) 

Shaken 1 hr. in dlstillad watar 
at room temperature. 

• 0 ••• 2.5(~*+) 

Haatad 30 nip. in distilled watar 
at 97*C. 

•• 0 ••• 2(****)* 

Shaken 1 hr. in xylene t 0 +•* 2.5"<~~)* 
Shaken 1 hr. in ethyl alcohol, 95% •• !<•) 2(w) 
Shaken 1 hr. in athyl alcohol, 95JC 

• solid C«CO» 
2(+~) U(~~) 

e>u«i^_   4—   '»Jar   f,>«.«i4« **** -J* n +***+ 

Shaken 1 hr. in methyl alcohol, 
absolute 

«4»t 0 ••+-f 0 

Shaken 1 hr. in 9% phenol (95 g° 
phenol + $ g. water) 

• 0 •~t n 
1 " 

* See Sobel, I.E.,  and Hanok, A.., Table VII (9) 

"f Metachromasia waa extremely intense and appeared as a velvety, bronze colored structure, 
Mlcrotomed sections, viewed by transmitted light, appeared magenta colored. 
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